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1. Abstract:
The possibility of developing Type 2 Diabetes Mellitus (T2DM) is determined by a
combination of genetic factors and the lifestyle of the individual. Higher risks of T2DM diagnosis
occur when individuals are exposed to lifestyle factors such as physical inactivity and high fat diet
consumption. Animal models, including mice, are consistently used in laboratory studies to
understand T2DM in humans due to genetic and physiological similarities. This study focuses on
whether change of diet and increased exercise can reduce obesity and alleviate T2DM symptoms in
C57BL/6J (B6) mice. Changes in weight, anxiety-like behaviors, leptin and insulin levels and
glucose tolerance during a 12:12 light/dark circadian rhythm will be measured when B6 mice are
given a high fat diet ad libtium with and without a running wheel. One half of the mice initially
weaned on a high-fat diet were switched to a regular chow (lower calorie food) half way through the
study to observe physiological changes. Physiological parameters such as body mass, kilocalories
(kcal) consumed, food and water intake were measured weekly over a 20 week period and then
analyzed statistically. High fat recovery (HFR) groups showed improvements in body mass, insulin
and leptin levels after switching to a regular chow in association with daily exercise. Glucose
tolerance tests were performed before and after the food switch. HFR mice exhibited improved
glucose tolerance, lower insulin levels and lower triglyceride levels in whole blood upon reducing
dietary fat intake. Explorative and anxiety behaviors were assessed with light-dark box and openfield box assays. Mice without running wheels were more active in open-field anxiety test, and spent
increased time in the dark with light-dark (LD) box tests. Results suggest that incorporating a healthy
diet along with daily exercise improves quality of health and can suppress T2DM symptoms and
related conditions.

2. Introduction:
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Type 2 Diabetes Mellitus: An Overview
The United States healthcare budget is exceeds any other country in the world with an
average healthcare disbursement of more than $7,000 per individual, (Anderson 2004), much of
which is spent on medical bills from chronic conditions such as Type 2 Diabetes mellitus
(T2DM). T2DM is a metabolic disorder that affects over 20 million Americans, specifically
altering the way the body metabolizes glucose by disrupting the production of insulin, which
leads to hyperglycemia, or increased blood glucose levels. Obesity is a major health concern that
often coincides with this disorder and is often linked to cardiovascular disease and high blood
pressure. While obesity is commonly associated with T2DM, it is not always a precursor to
diagnosis. Failure to medically diagnose and treat T2DM can cause long-term damage and
dysfunction of vital organs such as kidneys, eyes and the heart.
T2DM has become a major health problem, accounting for 90-95% of all cases of
diabetes in the U.S. The pathogenesis of T2DM shares genetic and environmental significances.
Roughly 70-85% of patients acquire this disorder by environmental factors that are dependent on
the lifestyle of the individual. Patients acquire a polygenic inheritance coinciding with
environmental factors that develop as impaired glucose tolerance and insulin resistance, and
results in hyperglycemia over time. Common lifestyles that are incorporated to these
environmental factors are obesity, physical inactivity, and high fat diets (Hamman, 1992).
Screening for T2DM can increase early detection and help treat symptoms in patients to
eliminate long-term effects of this disorder. Most people affected with T2DM are obese, which is
a major cofactor for developing T2DM as it instigates insulin resistance. Yet, some cases do not
correlate with the traditional weight criteria for obesity, and it is characterized as increased body

fat in the abdominal region (American Diabetes Association, 2014). The occurrence of diabetes
diagnoses in adults was 7.4% in 1995, and will likely rise to 8.9% by 2025 (Engelgau et al.
2000). If early detection and treatment occurs, many health risks that coincide with T2DM can
be prevented.
In healthy individuals, blood glucose is maintained through a regulated influx of insulin
with a negative feedback loop involving glucagon and insulin. Each hormone is secreted by α
and β-cells of the pancreas, respectively. Insulin initiates cells to utilize glucose when
concentrations are above a normal range, 90 mg/dL (5.0 mmol/L; Boyle & Zebriec, 2007). In
addition, it stimulates the liver to store excess glucose as glucagon, which is necessary for the
natural negative feedback loop to maintain a healthy glucose tolerance. In contrast, when blood
glucose concentrations decrease from normal range, α cells release glucagon to initiate
glycogenesis. This converts glycogen, the stored energy source, into the usable energy form of
glucose, supplementing it into the bloodstream back to normal range (Boyle & Zebriec 2007). In
people with T2DM, inadequate insulin secretion by impaired β-cells results in high blood
glucose concentrations (Amiel et al. 2007).
Innovations in technology have changed our modern lifestyles and can be related to the
current increase in T2DM diagnosis. Increased intake of high calorie foods associated with a
wider availability for traveling in cars, watching TV, and decreased exercise have influenced this
epidemic (Leahy 2005 and Schulze et al. 2004). In addition, developing cities increase office
and factory jobs, which stray away from traditional rural and agricultural jobs that entail physical
labor. As a result, populations associated with these lifestyle changes while consuming high fat
foods are highly susceptible to developing T2DM. One might hypothesize that the solution is to
simply increase physical activity and consume less high-fat foods. However, other factors
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coincide with this disorder that closely relates diagnosis with genetic predispositions and
environmental factors.

Environmental aspects, such as the lifestyle of the individual, are strongly associated with
genetic predisposition to developing T2DM, such as defective β-cells and obesity-induced
insulin resistance. Previous studies have correlated defective β -cell insulin responsiveness with
the development of Type 2 Diabetes Mellitus (Efendic & Ostenson, 1993). Hyperglycemia, a
complication of T2DM, may be due to defective or destroyed β-cells, which cannot trigger
insulin release and leads to reduced glucose uptake by cells, thus increasing blood glucose
(American Diabetes Association, 2014, Leahy 2004). As β-cells fail to secrete adequate insulin,
hyperglycemia occurs because of increased glucose in the blood rather than being stored or used
in cell metabolism.
While some Type 2 Diabetics have reduced β-cell function, the more common
mechanism is hyperglycemia through insulin resistance, where increased insulin is produced by
the β-cells, but the insulin is ineffective in reducing blood glucose. (Efendic & Ostenson 1993).
Insulin resistance occurs when insulin is not regulated normally during nutrient metabolism in
skeletal muscles, peripheral tissues and in the liver. As a result, the body needs higher levels of
insulin to help glucose enter cells. Increased insulin levels are classified as hyperinsulinemia, a
keystone to this form of T2DM when associated with obesity. Pancreatic β-cells produce more
insulin to compensate for the increased glucose and to maintain its negative feedback loop.
Under these conditions, the body produces insulin but the cells are resistant and unable to use it
efficiently, which results in increased blood glucose. The β-cells fail to maintain this balance and
cannot keep up with the high demand for more insulin. This imbalance can lead to the alterations

of the size and function of the pancreas. The Islets of Langerhans of pancreatic tissue provide a

significant role in maintaining glucose levels in the blood, indicating signs of diabetes when
malfunctioned (Jo et al. 2007). They are located in the acinar cells of the pancreas and are
composed of several endocrine cells, mainly β-cells, which constitutes for about 70% of the islet.
(Brissova et al., 2005). β-cells secrete insulin via gap junctions when glucose levels increase. The
relationship between the β-cells and gap junctions is significant in the efficiency of insulin
secretions. β-cells that are coupled secrete insulin efficiently because they produce bursting
action potentials, in contrast to single β-cells, which do not secrete as much insulin due to
sparking action potentials in cells (Jo et al., 2007). The variety of β-cell coupling and action
potentials results in efficient insulin secretion and glucose regulation. Alterations to the pancreas
are correlated to increased islets size. The demand for more insulin requires more β-cells; thus,
the islets that house these cells need to be larger. Larger islets of Langerhans are commonly seen
in mice models with form of T2DM though tissue biopsies.
In most cases, hyperglycemia can go undiagnosed for many years until the patient
develops T2DM symptoms from this prolonged issue. It is generally undiagnosed because
hyperglycemia develops gradually. The early stages are not severe, thus, patients normally do not
experience any clinical symptoms of T2DM (American Diabetes Association, 2014). If
hyperglycemia is not treated, concentration of ketone bodies increase and ketoacidosis occurs.
This happens when the body utilizes fats as an energy source instead of carbohydrates, resulting
in increased ketones. Increased ketones can be toxic and cause patients to fall into diabetic comas
(American Diabetic Association, 2014). Undiagnosed hyperglycemia and T2DM can also result
in long-term damage and/or failure to the kidneys, eyes, blood circulation, and the heart. In
addition, complete loss of vision, renal failure, and amputation due to peripheral neuropathy
from foot ulcers and blood clotting may occur. However, early symptoms can help diagnose
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T2DM before long-term symptoms take effect. Sometimes, but not always, T2DM is associated
with obesity and leptin resistance.

Leptin Resistance
Obesity is commonly linked with increased leptin and leptin resistance. Leptin is a
protein translated on the mouse obese (ob) gene, where many secretory proteins are encoded and
are responsible for the signaling pathways of adipose tissues (Green et al. 1995). Leptin
resistance is a mutation in the ob gene that occurs during early development of obesity and is
linked to T2DM in rodents and humans. Leptin is mainly secreted from white adipose tissues,
and responsible for the neural signaling to regulate food intake and energy use (El-Haschimi et
al. 2000). Hypothalamic signaling is mediated by STAT3, which is a hypothalamic signal
transducer responsible for activating the transcription of leptin (El-Haschimi et al. 2000).
Increased levels of STAT3 are associated with increased levels of activated Leptin to regulate
food intake. Obesity in B6 mice is associated with high levels of leptin, however the mice
become leptin resistant and food regulation signaling in the hypothalamus is impaired. Mice fed
on high fat diets have higher body mass and greater leptin levels compared to low fat mice
controls, suggesting leptin resistance (Townsend and Lorenzi 2008). It is concluded that B6 mice
have higher levels of leptin despite increased body mass, which concludes that the leptin is
inactive or there are impairments in the hypothalamic leptin-signaling processes in relation to
diet-induced obesity. Leptin imbalances, at times, coincide with insulin resistance and ultimately
can cause T2DM diagnosis. Thus, this thesis focuses on the relationship between T2DM, as well
as leptin and insulin resistance in association with obesity, while using a mouse model.

Animal models of Type 2 Diabetes
The pathogenesis of Type 2 Diabetes is complex and the use of a suitable experimental
model is essential for understanding the genetic and environmental influences that trigger this
condition. T2DM is a polygenic disorder and has a complex interaction with multiple genes,
which often makes genetic analysis difficult to understand in humans. Due to ethical restrictions
with human studies, diabetic animal models are used prominently in laboratories (Srinivasan and
Ramarao 2007). Inbred rodent models have been successful in many medical studies, especially
diabetes, since their genetic backgrounds are homogeneous and allows for environmental
variables to be controlled and manipulated. Rodents are preferred for their short generation
cycles, small physique, and because they are easily maintained (Srinivasan and Ramarao 2007).
Numerous strains of mice are used for diabetic and insulin resistance studies, and choosing the
right model is judged by genetic and nutritional factors that are most similar to the pathology of
humans. Rodents are classified by how well their β-cells are able to maintain insulin-secreting
capacities. For example, rodent models such as Zucker fatty rats (ZFR) maintain insulinsecretions well and experience mild to moderate hyperglycemia during their lifetimes with no
serious complications (Srinivasan and Ramarao 2007). In comparison, there are mice strains that
closely relate the pathogenesis from obesity-induced insulin resistance, to β-cell dysfunctions
seen in humans with T2DM. A few commonly used strains with phenotypes related to obesity
and insulin resistance are the aforementioned Zucker Diabetic fatty (ZDF) rats, and
TALLYHO/JngJ (TH), (Kim et al., 2006, Nascimento et al., 2016) which all progressively
develop hyperglycemia, ketoacidosis, and require insulin to survive as β-cells ultimately begin to
degrade from overexpression for insulin and secretion pressures (Srinivasan and Ramarao
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2007). These strains are produced through many generations of selective breeding and thus, their
disease is polygenic in nature (or has multiple genes that lead to obesity and T2DM).
Another useful mouse model of T2DM and obesity is one in which certain genes have
been genetically knocked-out or knocked-in which causes a mutation or a missing gene. These
genetic alterations are ideal for examining the phenotypes as it isolates the genetic causes of the
homeostatic imbalance, as only one gene is altered. One gene that is often targeted is the gene
encoding for Leptin. Examples include the B6/Cg- Lepob /J (B6 ob) mice models that are
homozygous for Lep ob (commonly referred as ob/ob or ob), which is the obese spontaneous
gene (The Jackson Laboratory). The ob/ob gene is inherited as a monogenic and autosomal
recessive mutation located on chromosome 6, which was originally characterized at Jackson
Laboratories in Bar Harbor, ME (Srinivasan and Ramarao 2007). The product sequencing of
RT-PCR shows a nonsense mutation and results in the 16kDa leptin protein to be missing, or
knocked-out. Consequently, mice with the Lep ob gene experience hyperphagia and gain weight
rapidly when compared to wild-type controls; they are recognized as obese at about four weeks
of age. Excessive weight gain occurs even when restricted to a regular chow diet for weight
management. Once obesity manifests, hyperinsulinema, hyperglycemia, and glucose intolerance
occur (The Jackson Laboratory). Tissue transplants in these models have shown improvements
with all the aforementioned symptoms, which confirms ob/ob genes as a major factor to obesity
and T2DM symptoms. The B6 ob mouse is an ideal model and can be used to support many
areas of obesity and diabetes research. A similar mutant mouse model used is the B6/BKS (D)Lepr db /J, commonly known as the B6 db (‘db’ abbreviated for diabetes). It is genetically
modified to be homozygous for the diabetes spontaneous single-gene mutation (Lepr db) and
strains are diagnosed as obese as early as 4 weeks of age. T2DM symptoms are seen as early as

10-14 days with elevated insulin and blood glucose levels. The diabetes allele (Lepr db) is created
by a G-to-T transversion, which creates a splicing site that ultimately causes loss of the signal
transducing function because it causes abnormal splicing and insertions in the transcript (The
Jackson Laboratory). This mouse is commonly used to support a broad range of research in
diabetes, obesity, and hyperglycemia.
This study uses the C57BL/6J (B6) inbred mouse, which is commonly used in the
production of transgenic mice, much like the strains aforementioned. Naturally, C57BL6/J (B6)
mice are mildly obese and hyperglycemic, but only become fully susceptible to T2DM with
environmental factors, such as feeding of a high-fat diet and lack of exercise, which differs with
ob and db strains, which do not require such environmental reasons. In addition, the B6 strain is
the background strain for both db and ob mice. As such, B6 mice are frequently used as a control
group due for these genetically altered animals (Rossmeisl et al., 2003). However, it has been
shown that when B6 mice are weaned onto high-fat diets, they exhibit moderate to severe
hyperglycemia, obesity, and insulin resistance, but maintain normal body mass with no
hyperglycemic issues with a lower-caloric intake (Parekh et al., 1998). Interestingly, not all mice
models develop T2DM if given a high-fat diet. A/J mice can consume a high-fat diet for
extended periods of time with no signs or symptoms of hyperglycemia and obesity, which
supports that they show resistance to T2DM, obesity, insulin resistance, and glucose intolerance
(Wang and Liao 2012). In conclusion, there are many animal models sufficient for diet-induced
T2DM. The C57BL6/J (B6) mouse was primarily selected in this study for its susceptibility to
this disorder and for the physiological effects in respect to high fat dietary content. B6 are active
wheel-runners, which is another physiological aspect incorporated into this study.

High Fat Diet Recovery
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Dietary lifestyles that incorporate a high-fat diet (HFD) are prone to cause obesity and
T2DM over time. Consuming a high fat diet in large quantities correlates with increased body fat
percentage and increased body mass (Parekh et al. 1998). Obesity is commonly seen with a
variety of mice and rat strains, particularly in C57BL/6J (B6) mice when weaned onto these diets
during juvenile stages, as it increases the risk for weight gain and increases susceptibility to
T2DM symptoms; symptoms include obesity, hyperglycemia, as well as hyperinsulinemia.
Thus, dietary intake is directly associated and contributes to T2DM in B6 mice, making them
great models in health studies (Parekh et al. 1998). In addition, B6 mice resemble T2DM in the
same manner as humans. Therefore, B6 mice are used to understand the effects of high fat diet
removal with the potential reversal of T2DM symptoms. Studies have shown that substituting
high fat diets with lower-calorie food improves obesity, which can potentially improve T2DM
altogether (Nascimento et al., 2016). However, food consumption patterns are sometimes
influenced by exercise access. Mice with access to a running wheel in relation to a HFD have
shown more improvements with obesity and other health problems when compared to animals
without a running wheel.

Wheel Running Exercise Relative to High-Fat Diet Consumption
Physical activity and healthy dietary choices have positive effects for overall health.
Having sufficient exercise and a balanced diet improves glucose metabolism and promotes
healthy weight loss (Liang et al., 2015). Studies suggest that daily exercise has the potential to
decrease high fat diet preference with rodent models, such as mice. Occasionally, regular
exercise reduces the preference for higher fat foods by acting as a satisfying reward. Likewise,

exercise is often chosen more and less high-fat food is consumed, which ultimately promotes
weight loss to suppress obesity and diabetes symptoms.
Studies have shown that wheel running can help alleviate obesity and lower insulin levels
when given a HFD (Carhuatanta et al., 2011). Similarly, mice on HFD exhibit reduction in leptin
resistance and body mass with a running-wheel as opposed to animals without a running wheel
on the same diet. This supports that daily exercise improves health-related conditions when
associated with an unhealthy diet (Yi et al., 2012). Further evidence is seen when a selectively
bred model for T2DM is consuming a regular chow diet. TALLYHO/JngJ model had shown
improvements in hyperinsulinemia and obesity when having access to a running wheel for 20
weeks, concluding that wheel running is beneficial for improving T2DM symptoms (Nascimento
et al., 2016).
Food consumption is dependent upon wheel running and patterns within different groups
arise. Studies suggest that mice fed on HFD with access to a running wheel have shown no
increase in food intake or calorie intake, whereas, mice on regular chow food exhibit increased
food intake with a running wheel present (Reynolds et al., 2015). Mice fed HFD consume fewer
grams of food, which means fewer calories are consumed as well. The exercising mice on high
fat diets (HF W) do not replace lost calories by consuming more food. However, regular chow
mice with wheels (RC W) consume more food as they exercise to replace lost calories. Mice on
HFD with running wheels are still classified as obese even with sufficient exercise when
compared to HF groups with no wheel. In brief, mice with access to HFD and a running wheel
show improvement in health although still showing signs of T2DM symptoms such as
hyperglycemia, and hyperinsulinema.

Study Overview
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This study will investigate the physiological effects of high fat diet removal and wheel
running in C57BL/6J (B6) mice. Changes in diet can potentially reverse diabetes symptoms and
alleviate obesity with reduced dietary fat intake since regular chow has lower kilocalories and
lower fat content. Exercise with a running wheel will be introduced to increase physical activity
for anticipated weight loss in association with obesity. Observed physiological changes include
monthly glucose tolerance tests to determine how efficiently the pancreas senses glucose to
allow other organs to metabolize glucose properly. Changes in glucose tolerance are an indicator
of T2DM in B6 mice. In addition, weekly measurements will include weight, food intake, and
water intake to measure physiological changes. Anxiety behaviors will be assessed with an Open
Field (OF) Light-Dark box (LD) assay tests. Mice placed in behavior assays will be monitored
for 10-minute intervals, and movement is recorded with respect to a grid system; movements
recorded include activity time, activity counts, rears, velocity, distance, and center zone
occupancy. Mice on high fat diets are presumed to exhibit anxious behavior, which can be
defined as increased velocity and distance. Less anxious mice display explorative behaviors such
as rearing. Therefore, this study will address the hypothesis that improving health with a change
of diet can alleviate T2DM symptoms by improving glucose tolerance and insulin resistance. It is
predicted that diet and exercise will impact physiology, body mass, hormonal levels and
behaviors of mice. Specifically, groups of mice with access to a running wheel will have lower
body mass and improved glucose tolerance. In association to lower body weight, mice with
increased exercise are predicted to have reduced symptoms of obesity. Switching from high fat
diet to a low-calorie regular chow will decrease body weight and improve glucose tolerance. The
high fat recovery mice will show physiological behaviors and levels of leptin and insulin to those

of the regular chow groups after the food switch, and overall diabetes symptoms will improve
with exercise and change of diet.

3. Materials and Methods:

3.1
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Animal Protocol
Forty-eight male C57BL6/J (B6) mice were acquired from Jackson Laboratories (Bar

Harbor, ME) at six weeks of age, maintained in a 12:12 Light-Dark (LD) cycle and initially
given regular lab chow (RC) (Lab Diet 5001) and water ad libitum. Mice were housed in
individual cages with either running wheel access (W)(StarrLife Sciences, Oakmont, PA, wheel
diameter: 23 cm), or with no running wheel access (NW). Cage loco motor activity with wheel
access is measured via wheel turns, and cages with no running wheel access uses IR beams
centered on the top of each cage lid to measure loco motor activity per number of beam breaks.
Each cage is connected to a computer database (Actiview and ClockLab) to record locomotor
activity and activity bout analysis to examine bout length, counts per bout, and bouts per day for
each group to account for any differences in genotype, housing, and diet for the entirety of the
study. Half of each housing condition groups (W, wheel and NW, no wheel) was further divided
by diet ad libitum. Mice fed regular chow (RC) were subdivided into regular chow with a wheel
(RC W) and regular chow without a wheel (RC NW). In addition to mice given RC diet, half of
the mice are given a high-fat diet (HF)(60% fat) continuously throughout the study, and are
referred as high-fat diet continuous (HFC) groups. Half of the mice initially weaned onto highfat diets are switched to the regular chow diet half way into the study, and are referred as high fat
diet recovery (HFR) groups. High fat continuous (HFC) mice groups will remain on the high fat
diet for the entirety of the study. In addition, HFC and HFR groups were given housing
arrangements with and without running wheels (W and NW), providing 6 total groups for this
study: RC W (n = 8), RC NW (n = 7), HFC W (n = 8), HFC NW (n = 7), HFR W (n = 8), and
HFR NW (n = 7). Additionally, weekly measurements of body mass, and food and water intake

were measured. Random errors of measurement, such as spillage of water from bottle transport
during cleaning, and food hoarding are taken into account during these measurements.

3.2.

Glucose Tolerance Test
A Glucose Tolerance Test (GTT) measures how efficiently the cells utilize glucose

during a certain amount of time. The purpose is to assess how efficiently and quickly blood
glucose moves into cells. Glucose tolerance tests (GTT) via intraperitoneal injection of 2g/kg
glucose solution in Phosphate Buffered Saline; one GTT is performed before HFR groups switch
to the regular chow food (age-week 15), and a second GTT after the food switch (age-week 19).
This is to verify that both HFC and HFR have similar glucose tolerance in order to establish a
significant difference with the HFR groups’ post-food switch. Twelve hours prior to testing, food
was removed, wheels were locked to prevent wheel running and new bedding was provided.
Whole blood was collected with tail-pricked technique using lancelets and measured with One
Touch Ultra-2 glucose monitors. Blood collections prior to glucose injections (time 0) were
measured for baseline levels, and then at 30, 60, 120 minutes post-glucose injections. All
measurements were interpreted with an area under the curve (AUC) graph. AUC graphs
represent average glucose concentrations over time.

3.3.

Insulin and Leptin ELISAs
Enzyme-linked immunosorbent assays (ELISAs) are plate-based assays used to detect

and quantify proteins, antibodies, peptides, and hormones in blood samples. Isolated hormones in
this case, Insulin and Leptin, were detected to assess the concentrations in each of the six groups:
HFR W, HFR NW, HFC W, HFC NW, RC W, and RC NW. Whole blood was collected during
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the middle of the subjective day (approximately 1 PM) and blood serum was obtained by

centrifuging whole blood at 4 °C for twenty minutes at 2,000 g. Insulin and leptin concentrations
were measured using the Ultra-sensitive Mouse Insulin ELISA Kit and Mouse Leptin ELISA
Kit, respectively (Crystal Chem, Downers Grove, IL). During an ELISA, an antigen is
immobilized to a solid well surface and inoculated with an antibody that matches the targeted
hormone. Concentrations were assessed after conjugated enzyme activity with incubation times
and quantitative values were obtained with an ELISA plate reader instrument. Insulin and Leptin
ELISAs were performed before HF R groups switch to the regular chow food (age-week 15) to
verify that both HF C and HF R had similar hormone concentrations to confirm equality in health
status. Thus, ELISA tests were repeated at the end of the study (age-week 20) to assess for any
hormone differences post-diet change.

3.4.

Histology
Animals were euthanized with CO2 narcosis to obtain pancreatic, liver, and subcutaneous

adipose tissues for morphological analysis. Aforementioned tissue samples were placed into 10%
buffered formalin. Samples were stained with hematoxylin and eosin (H&E) for microscopy
evaluations. H&E stained sections were used for islet size analysis, as well as liver and adipose
cells for morphological analysis. Tissue collections were done before (age-week 15) and after
(age-week 20) the transition from high fat to regular show diet to investigate correlations
between increased body mass, islet size, and insulin secretion.

3.6

Anxiety Behavior Analysis
Open Field and Light Dark Box assays were conducted at age weeks 11, and 18. Anxiety

and explorative behaviors are individually recorded in ten-minute increments with
SmartCageTM software using a Light Dark Box and Open Field assays, respectively.
Movements are recorded with a floor grid divided into three columns and three rows for a total
of nine zones, and mouse activity from one zone to another is observed. The Open Field box
measures exploratory behaviors by recording movements within the 7.70 W x 5.875D area.
Exploratory behaviors are measured by variables of time spent in the 5th zone, rear counts,
activity counts, distance and velocities in the zones. The 5th zone is centered in the middle of the
arena, which associates time spent in the zone as exploratory. The Light Dark box arena is
divided into a light zone (3.85W x 6.085L x 5.875D), and a dark zone (3.85W x 6.085L x
5.875SD). Anxiety behaviors are measured by variables of dark latency, dark entries, and time
spent in the dark zones. Increased time spent within the dark zone is interpreted as anxiety.
Cages were washed with soap and water between each test to eliminate olfactory cues.

3.6.

Statistical Analysis
Statistical graphs and tables are obtained using Systat 12 software to analyze the data.

Area under the curve (AUC) was calculated for each mouse for the GTT. Two-way ANOVAs
were conducted to determine differences among the different groups, with TUKEY post hoc
pairwise comparisons, for food and water intake, weight gain, AUC for GTTs, activity patterns,
anxiety-like behaviors, histology, and insulin and leptin levels.

3.7.

Statement on Animal Care
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Animal studies were conducted with the approval of Bridgewater State University’s
Institutional Animal Care and Use Committee (IACUC).

4. Results

4.1 Before High-fat Diet Integration
All mice were given regular chow food from aged-week 6 to 7 for habituation. No
differences in body mass were observed among all groups at aged-week 7 (all p > 0.05). High-fat
food consumption was first measured at aged-week-8, where significant differences were first
seen in diet consumption. All regular chow groups had significantly higher food intake than high
fat recovery (HFR) groups and high fat continuous (HFC) groups (F2, 61 = 118. 14, p < 0.001).
In addition, wheel running had no effect in body mass at aged-week 7. HFR at aged-week 16
were switched to a regular chow to determine statistical differences in physiology and behavior
from HFC and RC groups.

4.2. Effects of Body Mass and High Fat Diet
In order to examine the effect of diet and exercise on body mass, animals were fed two
specific diets and weighed each week from aged week seven to twenty (Fig.1). No significant
differences in body mass were observed until aged-week 12, where the HF C and HFR groups
became significantly heavier than RC groups (F2, 57 = 10.63, p = 0.001). Groups fed a HFD had
greater difference in body mass than in RC groups. Significant differences were seen with access

to a running wheel (F1, 57 = 6.15, p = 0.02), showing that groups with no wheel access had
increased body mass as compared groups with access. For the next three weeks, both diet and
wheel access caused significant increase in body mass, exhibiting both HFC and HFR groups to
be heavier than RC groups (all p < 0.05). The HF NW groups exhibited larger body mass than
HF W and RC NW groups. However, at aged-week 16, wheels had no significant impact on
body mass, but diet still influenced increased body weights (F2, 57= 22.43, p = 0.00). HF C and
HFR groups had greater body mass than RC groups. Likewise, HF C groups had greater body
mass than HFR, but the difference is very small; all mice fed on HFD were significantly heavier
than mice fed RC. At aged-week 16, HF R mice were given RC food to substitute the HFD, and
aged-week 17 showed significant decrease in body mass (F2, 47 = 20.67, p = 0.001). HF C mice
were heavier than HFR and RC groups, but HF R were still significantly heavier than RC. This
pattern continues for the rest of the experiment, but at week 20, there was no significant
difference in body mass for HF R and RC groups. Both HFC NW and HFC W remained
significantly heavier than all groups (all p < 0.05)(Fig.1).
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Figure 1. Effects of removal of high fat diet on body mass of B6 mice. Each group were allowed access to a
running wheel (W), or not, no wheel (NW). In addition, high fat diet (HFD) or regular chow (RC) was
provided. Six groups were measured for changes in body mass from aged week 7-20. Groups include high fat
continuous with and without wheels (HFC W, HFC NW), high fat diet recovery with and without wheels (HFR
W, HFR NW), and regular chow with and without wheels (RC W, RC NW). HFC NW mice were heavier than
mice in all other groups starting at week 8 (p < 0.05). After food switch, HFR groups had a decrease body
mass than mice on a continuous HF diet both W and NW starting at week 16 (p < 0.05). The RC groups had
the lowest body mass compared to both HF groups. Upon removal of HFD, HFR mice had significant weight
loss and transitioned to similar body weight to RC groups.

4.3 Food and Fluid Intake
In order to assess intake of food and drink, caloric intake and consumption of food and
water were measured each week from aged-week six to aged-week twenty. Differences in food
intake were significant at aged-week 8, exhibiting both RC groups having greater food intake
than the mice on HFD (p < 0.05). There are no significant differences in food intake in relation to
wheel access at aged-week 8, however a significant increase is observed in food intake at agedweek 9-10 (F1, 60= 5.07, p = 0.03). Mice with running wheel access consumed more food than
mice without access to a wheel. Wheel access had no significance on food intake at aged week11, but RC W groups continued to consume more food for the rest of the experiment. Upon the
food switch at week 16, a significant decrease is observed for food intake at aged-week 18 in
HFR W and HFR NW groups (F2,27 = 41.89, p = 0.001). However, HFC W and HFC NW did not
have any statistical significances between one another for the rest of the experiment. In contrast,
both HFR groups increased food intake after switching to regular chow. HF R groups consumed
more than HF C, and HFR consumed nearly equivalent amounts as the RC groups. Wheel
running led to increase food intake in all groups, excluding aged-week 8, and 11 (all p <
0.05)(Fig. 2, A).
There are significant differences in Kcal intake in relation to diet and wheel-access
starting at aged-week 12 (F2,61 = 7.72, p = 0.001 and F1,61= 10.6, p = 0.001). RC mice consumed
more kilocalories than both HFR and HFC groups demonstrated by higher food intake in
comparison to HFD groups. Likewise, RC W consumed more than NW groups because they
replenish lost calories from exercise with increased food consumption. This pattern is seen for an
additional three weeks, but at aged-week 18, HFR groups showed a significant increase in kcals

Hatzidis, A 26

after switching to regular chow (F2, 31= 12.5, p = 0.001). HFR and RC groups consumed the same
amount of kcals after the food switch, and there was no significant change in HFC consumption
volume throughout the study (Fig. 2 B).
RC W drank significantly more than all groups for the entirety of the experiment (all p
<0.05). Overall, groups with running wheel access appeared to have greater water intake than
groups without running wheels. However, HFR groups showed significant increase in water
intake after switching to regular chow, especially HFR W. It is evident that after HFR switch to
RC food, their physiological behavior returns to that similar to RC mice groups (Fig. 2 C).
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Figure 2. Effects of removal of high fat diet on weekly food, Kcal and water intake of B6 mice. A) RC
consumed more grams of food per week than mice fed HF (p < 0.05). After the food switch, HFR mice
consumed more grams of food per week than HFC mice as seen in week 18 (p < 0.05. B) HFR mice increased
Kcal after switching to regular chow food starting at week 17. RC had significantly higher Kcal intake than all
HF groups for the entirety of the experiment (p < 0.05). Week 18 showed a significantly higher Kcal intake in
HFR than in HFC (p < 0.05). C) HF exhibited significantly less water intake than RC mice (p < 0.05). HFC
mice had lower water intake than HFR mice following the food switch, reflected in week 18-20 (p < 0.05).

4.4. Insulin and Leptin ELISA profiles
In order to test insulin and leptin concentrations, blood was isolated at the end of the
experiment. Samples were centrifuged to obtain blood serum for insulin and leptin ELISA tests.
HFC groups exhibited significantly higher insulin and leptin levels in comparison to those fed
regular chow (RC) or returned to regular chow (HFR groups) as analyzed by ELISA.
Specifically, the results herein demonstrate that diet impacts levels of leptin and insulin while
wheel access had no effect on these levels (F2, 27 = 1050.28, p = 0.001, F1,27 = 1.85, p = 0.185
respectively). Wheel running access showed no decrease on these levels within HFC groups (p <
0.05), since they showed signicantly increased leptin concentrations as opposed to HFR and RC
groups (all p < 0.05). Lower levels of insulin and leptin are desired in to alleviate T2DM
symptoms. Similarly, HFC NW had greater leptin levels than both RC and HFR with wheel
access (all p <0.05). HFR groups exhibited increased leptin levels when compared to RC, but
were not significant. In conclusion, dietary choice significantly influences and can decrease
leptin levels, but exercise via running wheels do not. Similarly with leptin, insulin levels were
significantly influenced by diet (F2, 27 = 13.5, p = 0.001) rather than running wheel access (F1, 27=
0.45, p = 0.51). HF C groups had higher insulin levels (all p < 0.05) than all HFR and RC
groups. No differences were observed between HFR and RC (p = 0.90). All HFR and RC groups
had smaller averages for both insulin and leptin, while HF C groups, on average exhibited higher
levels of both during this study (Fig. 3, A-B). Together, this data suggests that consuming lowercalorie food can reduce insulin and leptin levels in mice to reestablish normal leptin and insulin
regulation. The latter can then help suppress glucose intolerance and maintain normal food
consumption to alleviate obesity and hyperglycemia.
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Figure 3. Effects of HFD removal on insulin and leptin levels of B6 mice. A) Mice fed on high fat diet
continuously (HFC) had significantly higher insulin levels than high fat recovery mice (HFR) and mice fed
regular chow (RC) (both p < 0.05). B) HFC mice had significantly higher leptin levels than HFR mice (p <
0.05) and RC (p < 0.05). HFR and RC mice expressed no significant difference increase or decrease for insulin
and leptin levels. Access to a running wheel had no significant effect on decreasing insulin and leptin
concentration.

4.5 Histology of Pancreatic and Liver Tissues
To assess Pancreatic islet size in relation to increased insulin concentration, pancreatic
tissues were obtained and evaluated at 100X microscopy. Two specimens were obtained; one
from a RC NW mouse, and the second from a HFC NW mouse. RC NW exhibited islet size
within normal limits, with no sign of abnormality to shape (Fig. 4.). Liver tissues were obtained
from the same mice to assess for adipocyte morphology. The HFC NW mouse had larger
adipocytes as opposed to the RC NW mouse. This was assessed by triglyceride fat visualized as
a white pigment within the tissue. In contrast, the RC NW mouse had minimal adipocytes (Fig
5.) Tissue collections were done before and after the transition from high fat to regular show diet
to investigate correlations between increased body mass, islet size, and insulin secretion.
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A.

RC NW (100X)
B.

HF C NW (100X)
Figure 4. Islet of Langerhans comparison after HFD exposure. The morphological differences between a
RC NW mouse, (A) and a HFC NW mouse (B) were examined under microscopy at 100X. Both mice were
euthanized at age week 20 with CO2 narcosis to obtain pancreatic tissues. Aforementioned tissue samples were
placed into 10% buffered formalin. Samples were stained with hematoxylin and eosin (H&E) for microscopy
evaluations. Islets were smaller in a RC NW mouse, as opposed to a HFC NW mouse. This suggests increased
β-cell production and insulin resistance.

A.

RC NW (100X)
B.

HF C NW (100X)
Figure 5. Hepatocyte comparison after HFD exposure. The morphological differences between a RC NW
mouse, (A) and a HFC NW mouse (B) were examined under microscopy at 100X. Both mice were euthanized
at age week 20 with CO2 narcosis to obtain liver tissues. Aforementioned tissue samples were placed into 10%
buffered formalin. Samples were stained with hematoxylin and eosin (H&E) for microscopy evaluations.
Hepatocytes smaller in a RC NW mouse, as opposed to a HF C NW mouse. Indicators of increased fat are
larger white areas within the liver tissue. Exposure to a HFD suggests increase in fat within hepatocytes and
indicates excess triglycerides in association with diet-induced obesity.
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4.6 Effect of HFD on Triglyceride Concentration

In order to test triglyceride levels, blood was collected at the end of the experiment and
pipetted with a triglyceride-monitoring device, CardioChek©. Significant differences were seen
within dietary parameters (F2, 27 = 12.90, p = 0.001), rather than wheel availability (F1, 27 = 0.25,
p = 0.62). The HF C groups exhibited increase triglycerides than HFR and RC groups (all p <
0.05). There were no significant differences seen within HFR and RC groups as compared to HF
C groups (p = 0.97). Overall, these data suggest that consuming low calorie food can lower

(ng/dL)

triglyceride levels (Fig. 6).

*

*

Figure 6. Effects of HFD on Triglyceride levels. HFC mice exhibited significantly increased triglyceride
levels compared to all groups (p < 0.05). HFR and RC mice showed no significant differences in triglyceride
levels as compared to HFC groups (p > 0.05). Increased triglycerides was a result to consuming HFD, thus,
mice fed continuously on HFD (HF C groups) exhibited significantly higher triglyceride levels. HF R mice
were similar to RC groups upon switching to RC food.

4.7. Effect of HFD on Glucose Tolerance
A glucose tolerance test was conducted before switching HF R groups to regular
chow food (Fig. 7). All mice were measured for glucose concentration at time 0, 30, 60, and 120
(minutes). At time 0, diet parameters showed significant increases with glucose levels as
compared to having running wheel access (F2, 45 = 11.87, p = 0.001). HF C and HF R groups had
significantly higher glucose at time 0 than both RC groups (p = 0.001 and p = 0.001,
respectively). Wheel running did not affect glucose tolerance at time 0 (F2, 45 = 2.22, p = 0.143).
Thirty minutes after glucose injections, HFC and HFR groups had significantly higher glucose
levels than both RC groups (F2, 45 = 16.80, p = 0.001, p = 0.001). HFC mice had slightly higher
glucose levels, than HF R (p = 0.05), with a difference of 77.397. Wheel running had no effect
on glucose tolerance at time 30 (F2,45 = 1.53, p = 0.22). However, wheel access exhibited a
decrease on glucose tolerance at time 60, while NW mice exhibited significantly higher glucose
levels (F1, 45 = 4.97, p = 0.03). Sixty minutes after glucose injections, HFC and HFR mice had
significantly higher glucose concentrations than all RC groups (F2, 45 = 29.17, p = 0.001, p =
0.001). At time 120, only diet parameters exhibited effects on blood glucose (F2, 45= 25.32, p =
0.001). All mice on HFD had higher blood glucose than mice fed on RC at time 120 (p = 0.001,
p = 0.00). Generally, RC mice had lower glucose concentrations during the GTT, and
acclimatized back to normal levels seen at time 0 after 120 minutes. Wheel running had no effect
on decreasing glucose levels at time 120 (F1, 45= 1.10, p = 0.30). Glucose levels before the food
switch were generated into an AUC graph and analyzed (Fig. 9). Both wheel access and diet
parameters affected glucose concentrations (F2, 46 = 36.92, p = 0.001 and F1, 46 = 4.44, p = 0.04,
respectively). HF C groups had significantly higher blood glucose than mice fed on RC (p =
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0.001). Similarly, HF R mice had increased glucose levels than RC mice (p = 0.001). HF C and
HF R mice exhibited similar glucose values and were not significantly different (p = 0.150).
A glucose tolerance test was performed four weeks after (aged week 20) removing the
high fat diet and replacing it with regular chow food (Fig.8). This is done to observe
improvements in glucose tolerance after high fat diet removal in HFR groups. At time zero, HF
C groups had higher glucose concentrations than HF R and RC group mice (F4, 43 = 13.86, p =

0.0001, p = 0.0001). This pattern is seen again thirty minutes after the glucose injection (F4, 42 =
13.29, p = 0.0001, p = 0.0001). Sixty minutes after glucose injections, all HF C groups had
significantly higher glucose levels than both RC and HFR groups (F4, 42 = 23.22, all p < 0.0001).
Similarly, HFC had higher blood glucose concentration than both HFR and RC groups at time
120 (F4, 42 = 27.98, all p < 0.0001). Wheel running access did not improve glucose tolerance and
was not significant throughout this GTT (all p > 0.001). Glucose levels after the food switch
were generated into an AUC graph and analyzed (Fig. 10). HFR mice adjusted to similar patterns
of glucose tolerance of RC mice upon removal of HFD. HF C mice had significantly higher
average glucose than all mice groups. This suggests that remaining on HFD significantly affects
glucose intolerance and increases risks of T2DM diagnosis. Overall, these data imply that
glucose tolerance can be improved when consuming foods with lower fat content. Mice who
were fed RC diet had lower glucose concentrations as opposed to mice that were fed a high fat
diet continuously.
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Figure 7. Effect of HFD consumption on Glucose Tolerance. Before switching to lower-calorie food, mice
fed on HFD had significantly higher glucose levels than RC during all testing times (p < 0.05). At time 0, diet
parameters showed more significant differences with glucose levels than having running wheel access (F2, 45 =
11.87, p = 0.00). HFC and HFR had higher glucose at time 0 than RC groups (p = 0.00 and p = 0.00,
respectively). HF C and HF R groups had significantly higher glucose levels than both RC groups (F2, 45 =
16.80, p = 0.001, p = 0.001) at time 30. NW mice exhibited significantly higher glucose levels at time 60 than
W mice (p = 0.03). HF C and HF R mice had significantly higher glucose concentrations than all RC groups
(F2, 45 = 29.17, p = 0.001, p = 0.001) at time 60. All mice on HFD had higher blood glucose than mice fed on
RC at time 120 (F2, 45= 25.32p = 0.00, p = 0.00). RC mice had lower glucose concentrations during the GTT,
and acclimatized back to normal levels seen at time 0 after 120 minutes. Wheel running had no effect on
glucose levels at time 120 (F1, 45= 1.10, p = 0.30). Mice fed on HFD had increased blood glucose in
comparison to mice on RC food.
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Figure 8. Effect of HFD removal on Glucose Tolerance. HF C groups had significantly higher blood glucose
concentrations at times 0, 30, 60, and 120 (F4, 43 = 13.86, p = 0.0001, F4, 42 = 13.29, p = 0.0001, F4, 42 = 23.22, p
= 0.0001, F4, 42 = 27.98, p = 0.0001. Wheel running access did not improve glucose tolerance and was not
significant throughout this GTT (all p > 0.001). HFR mice exhibited similar glucose tolerance to RC group
mice. Mice fed a lower calorie food showed significant decreases in blood glucose as opposed to mice fed high
fat diet continuously.
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Figure 9. Average glucose concentrations during GTT before HFD removal. Both wheel access and diet
parameters affected glucose concentrations (F2, 46 = 36.92, p = 0.001 and F1, 46 = 4.44, p = 0.04, respectively).
HFC groups had significantly higher blood glucose than mice fed on RC (p = 0.001). HFR mice had increased
glucose levels than RC mice (p = 0.001). Mice fed on regular chow food had lower average of blood glucose
than both HFR and HFC group mice.
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Figure 10. Figure 9. Average glucose concentrations during GTT after HFD removal. Both wheel access
and diet parameters affected glucose concentrations (F2, 46 = 36.92, p = 0.001 and F1, 46 = 4.44, p = 0.04,
respectively). HFC groups had significantly higher blood glucose than mice fed on RC (p = 0.001) and HFR
mice. HFR mice had decreased glucose levels than HF C mice (p = 0.001). Mice fed on regular chow food had
lower average of blood glucose than HFC group mice. HFR mice adjusted to the glucose tolerance seen in RC
mice.

4.8. Effects of HFD and wheel running on Open Field and Light-Dark box behaviors
In order to test the effect of diet and exercise on anxiety levels, activity was measured
within open field and light-dark box tests. More specifically for the open field, anxiety
measurements included rear counts, activity counts, activity time, distance traveled and velocity
within each box, and time spent in the center zone (Fig. 11). Anxiety measurements for the lightdark box included, dark zone entries, dark zone latency, and total time spent in the dark zone
(Fig. 12). The effects of HFD on open field and light-dark behaviors were assessed before
switching to regular chow, to assess if both HFR and HFC groups were similar. Mice were
placed in each box and activity was recorded for 10 minute intervals and recorded
simultaneously through the CageScore© computer program.
For the first 5 minutes, mice without running wheel access had greater activity counts (F1,
25 =

6.47, p = 0.02), activity time (F1,25= 6.48, p = 0.02), and distance ( F1,25= 10.11, p = 0.001).

Mice without running wheels also presented greater velocity (F 1,25= 8.24, p = 0.01) than mice
with wheels, however the difference was small (0.501). In addition, HF C mice exhibit
significantly greater distance among the RC groups (F2, 25= 3.4, p = 0.05). There were no
significant differences seen with rear counts and center zone occupancy among all groups during
the first 5 minutes (all p > 0.05). Significant differences with activity counts (F1, 25= 6.31, p =
0.02), and activity time (F1, 25= 6.30, p = 0.02), distance (F1,25= 7.63, p = 0.01), and velocity
(F1,25= 5.48, p = 0.03) were evident in groups with wheel access during total 10 minute open
field assay assessements. No significance in rear counts or center zone occupancy for all groups
(p > 0.05) within the total 10 minutes of the open field test.
Open field box tests were done after switching HFR groups to RC food and evaluated for
differences in behavior. NW mice had increased activity counts (F1,23 = 7.51, p = 0.01), time (F1,

23=
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7.60, p = 0.01), and distance (F1,23= 10.92, p = 0.00), velocity (F1,23= 8.90, p = 0.01) within

the first five minutes. In addition, RC groups exhibited increased rear counts than HFC groups,
compared to all other groups (p > 0.05). No significant increase in center zone occupancy was
noted for the first five minutes (all p > 0.05). However, HFR NW mice were significantly more
active for longer amounts of time than RC NW (F2,24 = 5.60, p = 0.01, p =0.04; F2, 24 = 5.58,
p = 0.01, p = 0.04) during the total 10 minutes of the open field. Similarly, HFR NW groups
demonstrate increased distance during the total 10 minutes as opposed to HFR W groups (F2, 24
=3.96, p = 0.03). Diet and wheel parameters exhibited significant differences in terms of velocity
within the total 10 minutes. Upon the food switch, HFR NW groups had significantly increased
velocity when compared to HFC NW, and HFC W (F2, 24 = 3.56, p = 0.04; F2, 24 = 4.87, p =
0.00). Within all groups, RC had higher velocity measurements than HFC, but the difference was
not significant (p = 0.46). In summary, mice without running wheels showed increased velocity
(F1, 24 = 13.49, p = 0.001), which correlates to the increased activity counts and activity time
while spent in the open field box. No significance was noted with rear counts, or occupancy in
center zone. While diet showed some significance, wheel running had more influence on mice
behavior during the open field assay (Fig. 11, A-E).
There were no significant differences seen in dark zone entries, dark zone entry latencies,
and total time spent in the dark zone before switching HFR groups to RC food. After the food
switch however, mice without access to running wheels had longer periods of dark occupancy
compared to mice with wheel access (F1, 27 = 9.13, p = 0.01). HFC mice entered the dark zone
less frequently than HFR and RC groups (F2, 27= 7.66, p =0.01, p = 0.001). Similarly to dark
occupancy, NW mice entered the dark zone more frequently than running-wheel mice (F1, 27 =
4.55, p = 0.04). There were no significant differences noted with dark latencies in all groups (p >

0.05). These data imply that mice with no running wheel access were more active in the open
field test. Diet preference did not show significance with increased activity in the open field test.
There was no significance in time spent in the center zone for all mice groups. For the light-dark
box test, mice fed on regular chow entered the dark zone more frequently than mice fed on high
fat diet. In addition, mice without wheel access observed to have longer periods of dark zone
occupancy and entered the dark zone more frequently as opposed to mice with wheel access.
Overall, these data imply that diet did not have influence on anxiety in mice, however, access to
a running wheel showed increased activity in both open field and light-dark box tests.
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Figure 11. Effects of HFD on Open Field behaviors. Prior to the food switch, open-field assay showed that
NW mice had higher activity counts (A), activity time (B), distance (C), and velocity (D) than NW mice. No
difference was detected for rears (E) and center zone occupancy (F). After the food switch, a significant
difference was detected for HFR NW for the activity counts, activity time, than RC NW (p < 0.05). For
distance, HFR W traveled significantly less than HFR NW. HFR NW mice had higher velocity than HFC NW,
HFC W, RC W, and HFR W, (p < 0.05). However, mice with no wheel access had higher velocity than mice
with wheels (p < 0.05).
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Figure 12. Effects of HFD on Light-Dark box assays. For the Light and Dark box assay, there were no
significant differences prior to food change for times spent in the dark zone entries (A), dark zone latency (B)
and total time spent in the dark (C). Following the food change, NW mice had significantly higher dark zone
occupancy than W mice. HFC mice entered the dark zone less frequently than HFR and RC groups (F2, 27 =
7.66, p = 0.01, p = 0.00). NW mice entered the dark zone more frequently than running-wheel mice (F1, 27 =
4.55, p = 0.04). There were no significant differences noted with dark latencies in all groups (p > 0.05)

5. Discussion:
The evidence of results and statistical analysis provided herein support the hypothesis
that high fat diet removal with exercise can help suppress the susceptibility of developing Type 2
Diabetes Mellitus and determines the metabolic fate of an individual. Lifestyle choices may vey
well create physiological burdens with overall health if chosen poorly. Current animal studies,
including this study with B6 mice, have shown that poor diets can be recovered to improve the
well-being of an individual over time. B6 mice have shown reductions in body mass,
improvements with glucose tolerance, and decreased insulin and leptin levels in blood serum
when switched from a HFD to a lower-calorie food. These are major symptoms of T2DM;
T2DM triggered by obesity and insulin resistance is a common prognosis for this disorder and
dietary influences can be to blame. Therefore, the notion that diet plays a substantial role in
T2DM diagnosis is supported by this work. In studies with B6 mice (Parekh et al., 1998),
consuming a high fat diet is linked to obesity and T2DM diagnosis, but has the potential to be
reversed by reducing caloric intake and associating exercise with a running wheel. The use of
inbred mice predisposed for T2DM, provided a useful model to test our hypothesis. We pursued
the question of whether an obese, diabetic mouse when compared to a RC mouse, will show
improvements in health upon removal of HFD. More importantly, we question the possibility
that a diabetic mouse, with time, can recapitulate to the physiology and health of a non-diabetic
mouse by alleviating the symptoms of T2DM.
Physiological parameters were measured weekly for the duration of this study to reveal
any significance differences with diet to body mass, and food intake. Upon initial arrival, all
mice were similar in body mass with no significant differences. This established a confirmation
that all groups had no advantages over the other. By week 12, mice fed HFD were significantly

Hatzidis, A 50

heavier than mice on regular chow (RC). RC food is the rodent diet standard in biomedical

research and delivers constant nutrition with high quality animal protein. The physiological fuel
value is 3.36 kcal/gm., which is significantly less than the HFD. The HFD has a 60% fat content,
and 5.10 kcal per gram. HFD used in this study was designed to induce obesity in rodents.
Hence, HFD essentially have higher kcal content than regular chow. Therefore, consuming more
kcals causes decreased consumption since they are potentially satiated and ingest less in grams
over time. Likewise, food consumption is correlated to body mass. This is evident when RC mice
consumed more food than the HFR and HFC groups but still had significantly lower body mass
(Fig. 2, Fig. 3). After the food switch, HFR mice began consuming RC food within similar
patterns as the RC groups, and showed decreased body mass and increased kcal consumption.
Consuming foods rich in fat content have been shown to increase body mass and induce diabetes
in C57BL/6J (B6) mice (Rossmeisl et al, 2003). B6 mice, when given HFD ad libitum, develop
hyperinsulinemia, hyperglycemia, and obesity, which closely mimic the progression patterns of a
diabetic human. Studies have also shown that B6 mice remain lean when a lower-calorie food is
provided ad libitum (Collins et al., 2004). Collins’ results are also seen in this study, since RC
groups had lower body mass than HFD groups. In addition, Black’s study with A/J and B6 mice
had similar findings; B6 mice developed severe obesity when fed HFD, and were more sensitive
to HFD effects than the A/J mice. However, both developed increased weight gain on HFD, yet
B6 mice showed a 93% increase in body fat while A/J mice had a 32% increase (Black et al.,
1998). High fat diets have been shown to cause increased adipocyte size in mesentery and
inguinal fat with both A/J and B6 mice. However, B6 mice also show increase in adipocyte
number as well as size, which explains excessive weight gain (Surwit et al., 1995). Literary
sources that focus on effects of HFD ran parallel to the results in this study. It was clearly

evident that mice on HFD weighted significantly more than mice on RC. Similarly, HFC mice
remained heavier as opposed to HFR, which exhibited lower body mass when HFD was
discontinued. HFR mice began to resemble RC in respect to body mass.
Voluntary wheel-running analyses have suggested that exercise can influence food
intake. The Nu-Chu Liang study from 2015, found that high-fat consumption and weight gain is
suppressed with running wheel access in rats (Liang et al., 2015). These findings suggest hedonic
effects to exercise, in terms of pleasant sensations, instigate rats to run on the wheel more and
consume less HF food, as well as suppressed weight gain. Interestingly, Liang’s findings show
supporting results with running wheel activity in B6 mice in this study. Considering food intake
and body mass, running mice had higher food intake and lower body mass than mice without a
running wheel. In contrast to Liang’s study, HF W groups consumed more grams of food than
HF NW suggesting that wheels had no effect in food consumption. In addition, RC groups with
wheels cumulatively had lower body mass than all groups. In contrast, HFC NW had the highest
body weights, which links the combination of a high fat diet with lack of exercise via a running
wheel (Parekh et al., 1998). Similarly, Alan Jung’s study investigated the effect of HFD and
running wheel activity on B6 mice. He found that having access to a running wheel had no effect
on body mass in mice on HFD (Jung and Luthin, 2010). Interestingly, Jung did not notice any
changes in caloric intake in running mice. Yet, the average daily caloric intake was higher with
mice on HFD than a high-carbohydrate diet. In summary, mice with running wheels had lower
body weights than mice without running wheels. However, HF W groups’ food consumption was
not significantly altered with running wheel access.
The most common form of T2DM begins with hyperglycemia through insulin resistance.
Diabetic models typically have increased insulin levels, but blood glucose remains elevated
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because the cells are resistant and unable to use insulin efficiently (Efendic & Ostenson 1993).
Consequently, pancreatic β-cells keep producing more insulin to counteract this phenomenon.

According to our results, HFC groups had significantly higher insulin levels than RC and HFR
groups. This suggests that mice that remain on high fat foods are also more prone for insulin
resistance and hyperglycemia. However, HFR groups showed improvements in insulin resistance
due to having significantly less insulin levels upon switching to lower calorie, RC food. All RC
groups had similar insulin levels as the HF R mice, suggesting that healthier diets improve
insulin levels (Fig. 3, A) and can alleviate T2DM symptoms.
Studies have correlated size and obesity to the size of the islets of Langerhans. The
typical size of islets for any species of mammal is about 100-200 micrometers, however pancreas
size is dependent on species. Thus, the number of islets of Langerhans is dependent on pancreas
size of the species, but the islet size remains in the same size range (Jo et al. 2007). Studies with
B6 mice have shown an increase in islet size during post-diabetic stages, which suggests
continuous stimuli for insulin secretion (Kim et al. 2006). Morphologies such as cytoplasmic
granulations, size and arrangement of islets, and presence of apoptotic or necrotic cells are taken
into consideration. Histological evaluations can diagnose hyperinsulinemia when the islets of
Langerhans are hypertrophied, which suggests the β-cells’ adaptation to increased insulin
resistance. In addition, Islet degeneration suggests over-stimulated β-cells during elevated levels
of insulin circulation. (Kim et al. 2006). Histological analysis during this study suggests insulin
resistance in mice fed continuously on HFD over time; this is evident due to increased islet size
when compared to a mouse fed on RC food. Similarly, excess fat within hepatocytes were an
indication of leptin resistance.

Leptin abnormalities also play a role in T2DM as it manifests as leptin resistance. This
occurs when the obese gene mutates during early signs of obesity, which results in impairments
of the neural signaling that regulates food intake (El-Haschimi et al. 2000). The body continues
to produce leptin, however, the cells are leptin resistant. Consequently, mice show signs of
increased body mass due to elevated food intake since the neural signaling for food regulation is
impaired. This is supported in the studies demonstrated herein with HFC groups because they
have larger body mass and increased leptin levels, as opposed to HFR and RC groups (Fig. 1,
Fig. 4, B). In addition, both HFC groups displayed significant increase in both leptin and insulin,
thus, running wheels had no effect on these parameters. HFC mice remain on HFD continuously,
thus having higher body mass than mice who are on RC. Leptin resistance improved in the HFR
groups, which show decreased body mass after switching to RC. This effect has helped reduce
leptin resistance; therefore, leptin concentrations become regulated and reduce back to normal
limits. This result is seen when comparing HFR and RC groups (Fig.3, B). Recall that the leptin
resistance pathway is very similar to insulin resistance, and having both of these impairments
increase severity in T2DM. However, removal of high-fat diets will overcome both leptin and
insulin resistance.
Triglycerides are essential for good health but only when maintained at normal levels.
Obesity, high cholesterol, and uncontrolled hyperglycemia are known to cause elevated
triglycerides, which can lead to T2DM and other metabolic disorders. In B6 mice, triglyceride
levels were significantly influenced by dietary factors and not by wheel-running access. Overall,
both HFC groups had elevated triglyceride levels, which correlates to physiology; HF C mice
exhibit larger body mass than HF R and RC groups since they were on HFD continuously. In
contrast, RC groups and HFR groups had no significant differences in triglyceride levels because
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both groups were fed RC by the end of the experiment, and both had lower body weights.

Therefore, triglyceride levels are dependent on body mass and increases susceptibility to T2DM
if obesity follows.
Glucose tolerance tests were performed to evaluate the effectiveness and rates at which
mice metabolize glucose by stimulating insulin secretions. It can detect physiological disorders
such as insulin resistance, hypoglycemia, and diabetes by observing changes in glucose
concentrations during a 120-minute period. Mice were fasted for approximately twelve hours and
then injected with a 20% glucose/1X PBS solution at a dose of 2mg/kg. All mice were measured
prior to injections and then again at 30, 60, and 120 minutes after initial injection. HFC mice had
higher glucose concentrations than HFR and RC groups throughout the entirety of GTT. This
suggests a higher susceptibility to T2DM since fasting glucose and post-glucose injection
measurements are significantly higher than a normal blood glucose range. Having access to a
running wheel did not show improvements in glucose intolerance, therefore, poor diet
consumption induces hyperglycemia and T2DM diagnosis. Upon HFD removal, HFR mice
adjusted to similar patterns of glucose tolerance of RC mice. HFC mice had significantly higher
average glucose than all mice groups, suggesting that remaining on a HFD initiates glucose
intolerance and increases risks of T2DM diagnosis. Overall, these data imply that glucose
tolerance can be improved when consuming foods with lower fat content. Mice who were fed RC
diet had lower glucose concentrations as opposed to mice that were fed a high fat diet
continuously. The quality of food reflects overall health; consuming a lean diet instead of a high
fat diet will show improvements in glucose tolerance over time. Similarly, blood glucose was
maintained more efficiently and restored to homeostasis. This further suggested improvements in
insulin resistance as insulin efficiently signals glucose uptake to normal levels. Improved glucose

tolerance alleviates T2DM symptoms as hyperglycemia ceases, which ultimately improves
insulin resistance.
The effects of HFD removal on behavior and anxiety were assessed with open-field and
light-dark box tests. During an open field, one mouse per cage is monitored and recorded for 10
minutes. Previous studies suggest that HFD increase anxiety in mice, (Kang et al., 2014), but,
that is not seen with this study. Instead, NW mice had increased activity counts, time, distance,
and velocity when compared to W mice. Mice on regular chow demonstrate increased rear
counts within the first five minutes, as opposed to HFC groups; increased time in the center zone
suggests low-anxiety. During the total 10 minutes, HFR NW mice were more active in the open
field, rather than RC NW. These results are interesting since it was expected that HFD mice
would be most significant in causing anxiety-like behavior. Although diet did have some
influence in behavior, lack of exercise had the most significance within the open field box. NW
mice were generally heavier in body mass, which may explain their natural instinct of
vulnerability while in the box. Since they are considered obese, mice may potentially have
increased anxiety resulting in increased activity. However, this is an assumption, as there are
currently no studies to confirm that obesity causes anxiety in rodent models. Wheel running did
not affect rear counts of occupancy in the center zone, both of which measure non-anxiety
behaviors. The center zone is the most exposed area of the box, and mice that stay in the center
zone express explorative behavior. An anxious mouse will show signs of “wall-hugging” or
pacing along the sides of the box, increasing acidity counts and activity time. Having access to a
wheel did not show any significant differences in number of rears and center zone occupancy,
meaning that all mice displayed similar behavior in these zones, with no significance to report. In
contrast, mice with limited exercise (NW), displayed increased activity in the open field, which
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can be interpreted as anxiety-like behavior. There were no significant differences seen in lightdark box (LD) before HFD removal. However, post-HFD removal exhibited a significant

increase in dark zone occupancy and dark zone entries in NW mice groups. Anxious mice spend
more time in the dark zone than in the light zone of the LD-box. Dark entry latencies were not
significant to report, suggesting that all groups had similar behavior during latency assessments.
Anxiety-like behaviors were put to similar tests during Gaalen and Steckler’s study in
2000. Various anxiety tests were utilized with different strains of mice, like the B6 and A/J mice.
When comparing B6 and A/J during a light dark and a fear-conditioning paradigm, the latter
have displayed higher levels of anxiety-like behaviors. In contrast, all B6 strains used in this
study displayed lower levels of anxiety (Gaalen and Steckler, 2000). In a similar study, openfield tests showed little evidence correlating anxiety and wheel running (Bronikowski et al,
2001). Open-field tests were originally designed to assess for fearlessness of rodents (Hall,
1934). During Bronikowski’s study, there were no differences noted in open-field activity
between mice that are active wheel-runners. These findings suggest that there are still questions
relating anxiety to wheel running since this study noted increased activity in non-wheeled mice.
In other words, mice with limited exercise were more active in an open field and had increased
dark-zone entries, which may be interpreted as anxiety-like behavior. Previous discoveries
correlate anxiety with increased dark zone entries and occupancies in rodents; however, other
studies have been showing inconsistent findings within the same behavioral assays. It may be
due to how the reviewer measures anxiety. For example, some may consider anxiety with
decreased movement since some mice, but not all, tend to remain still when frightened.
However, some reviewers may measure anxiety as rapid movements that resemble fear and

irritability. This study measured anxiety-like behavior with increased activity within the openfield and increased dark zone occupancies, both of which were seen in NW groups.
This study supports the hypothesis that running wheel access and HFD removal
significantly influences body mass and can reduce obesity in mice. Consuming a high fat diet
continuously will cause increased insulin leptin levels, and body weight. This was seen with
HFC groups for the entirely of the study. The addition of a lower-calorie food in substitute of
HFD reverses these conditions in association with exercise, and HFR mice assimilated to RC
groups. Together, the results provided here imply that T2DM is a disease, which can potentially
be suppressed with a change of diet and lifestyle.
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